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Executive Summary: Recent advances in photolithographic fabrication and planar kvaveguides
have created a powerful opportunity. For the lirst time, it is possible to generate arbitrary
computer-designed. waveguide, volume holograms and to do so robustly and at low cost.
I lolographic Bragg Reflectors (I IBRs) comprise an exemplary lithographically scribed IiLilly
integrated holographic device useful for multiplexing of wavelength differentiated optical signals
and general purpose spectral filtering. ILBRs provide both a flexible spectral filtering function
and a signal routingimaging function in the slab waveguide environment. The present Phase Ii
eflort has harnessed new fabrication tools to perfect disruptive HBR-based multiplexer products
for DoD avionics, optical communication systems, computer data communications and local area
networks. The devices can address both single and multimode systems providing high levels of
finctionality and reliability at low cost. In multi-mode configuration, the devices may be used to
enhance and retrofit the existing optical communication systems in aircraft and ships as well as
empower powerful new cost effective solutions in both commercial and military data transport
systems. HBR-based multiplexing is empowering to WDM-on-a-chip hybrid integration
enabling compact, low-cost, high capacity optical transport specialized to small network
environments. As a result of the present effort, the first fully integrated Course Wavelength
Division Multiplexer compatible with single-mode systems and competitive with multiplexers
constructed from discrete thin film filters has been developed and demonstrated. The silica-on-
silicon format was employed. A mtultitude of methods for providing precisely tailored, flat
passbands were successfuilly demonstrated. Design tools necessary to implement aspheric
diffractive contours and thereby minimize imagining aberrations were developed. Fabrication
yields were examined and factors limiting same identified. Structural modifications expected to
improve yields were identified. Implementations of IIBR multiplexers in multimode silicon-on-
insulator were investigated and simulated. Replication of diffractive structures used in 1IBR
devices was demonstrated in PMMA thereby demonstrating that the outlook on very low cost
polymer-based multimode IIBR multiplexers is very promising.
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Introduction

Technological development across fields is tightly interwoven. Profound technological
opportunity in one field frequently arises from cumulative enabling developments in a variety of
other fields. In the present instance, the area of technological and product opportunity relates
generally to photonics and specifically to lithographically-scribed planar holographic pIotonic

devices. Lithographically-scribed planar holographic devices (or integrated holographic devices)
may be thought of as photonic transport and processing fabrics and offer powerful functionality
in a number of areas as shown schematically by the single-chip muxidemux, source/receiver in
Figure 1.

Detector Array

Input

Outputi

k Laser Array

Figure 1. Schematic of a iransmi,/receiveimux unit based on slab waveguide holographic Bragg reflectors

Integrated holographic devices have been enabled through recent refinements in nanofabrication
as utilized in electronics manuthcture. planar waveguide technology, and advanced optical
design concepts involving the interaction of optical signals with computer-designed volume
holograms. Devices based on integrated holographics address a number of product areas. The
specific device whose development was undertaken in the present program, holographic Bragg
reflectors (HBRs), comprise integrated multiplexers and demultiplexers for wave-division-
multiplexed (WDNM) communications systems utilizing wide-wavelength channel spacing
(coarse WDM or CWDM) as are employed in data communications, local area nets, on DoD
systems such as aircraft and ships, and in access-level telecommunications. IIBR devices can
address both single and multimode systems providing high levels of functionality and reliability
at low cost. Also considered are hybrid integrated CWDM transmitters and receivers which
couple the integrated HBR multiplexing technology with laser and detector arrays to form low-
cost yet high perlormance WDM-enabling transmitter and receiver subsystems as shown in
Figure I. The HBR multiplexing devices are shown schematically at the left as the curved lines
which would he etched onto a planar waveguide substrate. Such subsystems provide for the
tractable expansion of existing DoD single-channel communication systems to higher capacity
WDM systems without complete reinstallation.
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Over the last few years. dramatic advances in lithography have accrued. It is now a routine
matter to create centimeter-scale planar circuit structures with feature sizes on the 100 nanometer
level. Feature sizes of 100-300 nm are required in order to implement general computer-
generated holographic structures. Importantly for photonic applications, tests have revealed that
electronic fabrication tools create spatially coherent structures. This means that the absolute
placement of features is true to interferometric accuracy over fabricated structures up to
distances of centimeter scale'. Achievement of such spatial coherence via standard electronics
industry deep-ultraviolet (DUV) stepper-based fabrication tools now allows for low-cost, volume
fabrication of photonic structures that could only have been dreamed of in prior years.

out I upper cladding

in •..•-'•'-•!/j]]]])j• -- / •lower cladding.,

out2

Figure 2. Top: schematic top view and cross section of a two-channel HBR slab wav"eguide filter.
Bottom: photograph of a thbricated two-channel HBR slab waveguide filter.

Early on in this SBIR , LightSmyth designed, analyzed, and fabricated a test IIBR device. This
IIBR device was designed to provide spectral and temporal coding of optical signals lbr Optical
Code-Division Multiple Access (OCDMA) systems. In Figure 2, we show (clockwise from
upper lell) a schematic top view of the planar device, a schematic cut-away side view of the
device, and a photograph of the actual fabricated device. The device is based on a silica-on-
silicon slab waveguide structure with a core guiding layer sandwiched between two cladding
layers. The upper surlace of the core layer is etched according to a design pattern, which
provides spectral filtering and wavefront shaping of the signals. The device fabricated has a
single input port and two separate output ports. The spectral transfer finction between the input
and each of the outputs is different. Coupling between the input and each output Is implemented

) Intmrier-trans/o•rm-innited p('rrrmuf(e 9 a i/iohgraphica/Ii scrihedpl, p r hohloraphic Bragýg ,'vh'l or., Grciner.

C.. laziko\, D. Mossbcrg, T.W., Photonics lTcchnology Letters, IEEE 16. 840 (2004).



via separate tIBR devices that spatially overlap throughout the pie-shaped fbotprint (2 cm total
length).

During the initial SBIR work it was found that HBR devices could be fabricated in a spatially
coherent mainer using standard DUV photolithographic fabrication technology and that the
spatial and spectral transfer functions of the devices could be accurately programmed through
computer design of diffractive contour. Photolithographically scribed devices of such high
spatial coherence had not previously been demonstrated. Neither had the precision computer-
based design and fabrication of volume holographic functional elements requiring quarter-
micron-scale spatial resolution.

The first fbcus of the Phase II SBIR work was a multiplexer for single-mode CWDM
communication systems capable of enhancing performance in both DoD and commercial optical
communication systems. Follow-on multimode versions of the product are enablers of retrofit
upgrade of single-wavelength optical communication links to CWDM (without fiber re-
installation), which is especially useful in the upgrade of existing DoD platforms. Single-mode
versions of the product support new high capacity CWDM systems with superior operational
specifications and cost/benefit figures. Successful introduction of the target product will provide
a legitimization and financial basis for long-term development of the many and diverse products
derivative to the core technology, which include filter arrays for real-time spectral target
recognition, temporal waveforln processing via cross-correlation with arrays of device-encoded
reference waveforms, optical packet header recognition, distributed photonic transport fabrics for
spatial-contention-free optical signal routing in integrated photonic circuits, true-time delay for
RF photonics, and many other applications where the powerful spectral and spatial signal
processing capabilities of planar holographic structures may be employed.

The lLBR multiplexer developed in this program comprises a filly integrated, single-chip, device
for coarsely spaced, wave-division multiplexed (or CWDM as described above) communication
systems employed by DoD and the commercial market. The single-mode version was developed
first because Phase I work had successfully demonstrated the key techniques. The multi-mode
version, which is well-suited to provide an upgrade path for existing DoD airborne
communications systems, has been partially developed in various formats including silica-on-
silicon, silicon-on-insulator, and polymer. Based on the outstanding success achieved with the
single-mode CWDM mux/demux units, it is anticipated that ultimate completion of the multi-
mode mux/demux versions will be entirely tractable.

It should be noted that Dense WDM systems were designed for long-haul telecommunication
systems wherein it was imperative that many wavelength differentiated signal channels could be
amplified within the limited gain bandwidth of erbium-doped fiber amplifiers. Resulting
DWDM systems have closely spaced channels. Communication systems employing closely
spaced channels must be implemented with high precision optical components. High precision
components are intrinsically high cost and have limited temperature and mechanical stability.
Such systems, needed fbr long-haul communications, are poorly suited to local networks where
amplification is unnecessary. HBR devices enable the implementation of WDM systems
optimally designed for local network needs whether in a military aircraft or ship or in a
commercial environment. Ultimate perlormance and cost advantage of WDM system optimized
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for local networks will dramatically exceed levels provided by comununication systems
optimized for long-haul telecommunications application. It is important to move beyond the late
"90's focus on long-haul telecommunications to systems optimized for other scenarios.

Phase 11 Single-mode CWDM mux Device
As currently implemented, standard coarse WDM systems utilize a set of typically 16-18
wavelength channels. Channels are spaced by 20 nm and typically the passband for each channel
is very flat over a passband width of 13 nmn. The channel transfer function exhibits a rapid fall-
off beyond the passband. Existing multiplexer/demultiplexer devices for this coarse WDM
standard are typically assembled arrays of discrete thin film filters (TFF). High-end, single-
mode, 8-channel, TFF-based coarse WDM multiplexers exhibit insertion loss (IL) of about 2.5
dB and insertion loss non-uniformity across 8 channels of about 1.3 dB. Our design objective
was to produce a fully integrated device with competitive specifications Additionally, we
targeted performance at less than 0.3 dB polarization-dependent loss (PDL), adjacent channel
isolation of 30 dB. and ability to operate in -40 to 85'C range without active thermal
stabilization.

Layout of Phase 11 Device

X4 X2  4  6

X'7

Figure 3. Schematic layout of 8-channel (WDM mux (silica-on-silicon) successuilly developed.

Figure 3 gives a schematic top view picture of an integrated eight-channel lithographically
scribed planar holographic demultiplexer prototyped and proven in the course of this SBIR work.
Single-mode versions of the device are based on silica-on-silicon planar waveguides. Diffractive
elements (the curved lines to the right of the Figure 3) are etched in the core waveguide layer and
filled with cladding. An optical signal containing a plurality of wavelength channels enters the
planar device through the IN port. Each one of the sections at right labeled by a distinct
wavelength acts to back diffract one wavelength to a corresponding output port. Light emerging
from the output ports consists of a single wavelength-delineated communication channel.
Typically an optical detector is employed to monitor the output of each wavelength specific
output channel. The device may be used in reverse as a multiplexer. In this case, the IN port
becomes the OUT port and all signal directions are reversed. A photograph of a test die with
various HBR multiplexers is shown in Figure 4.
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Figure 4. Family oftest multiplexers based on HBRs in silica-on-silicon

Phase and Amplitude Apodization for Advanced Filter Design

The passband of each channel is controlled by the relative amplitudes and phases of the
diffractive contours that comprise each wavelength labeled section. LightSmyth has developed
several important technical approaches [or implementing continuous amplitude and phase
variation between the diffractive contours that is fully functional even when employed with
standard lithographic approaches. Standard approaches utilize a single diffractive contour etch
depth across the entire Iabrication wafer (as is lithographically convenient). Control over the
amplitude and phase of each and every one of the family of diffractive contours provides very
powerful and essentially arbitrary control over the spectral passband of each channel. Note that
the passbands (central wavelength and profile) of all the multiplexer channels are independent.
As a corollary of this fact, the device can support an essentially arbitrary combination of channel
separations. Each wavelength-labeled section of the device in Figure 3 is essentially an
integrated thin-film filter whose bandpass is lithographically defined.

As mentioned above, we have shown that lithographically scribed planar holographic devices
have been shown to be spatially coherent up to centimeter scales. This means that spectral
properties of IIBR filters are limited only by fundamental spatial Fourier transform principles
until very high spectral resolution (a few GHz) is required. In other words, the intrinsic bandpass
of a simple IIBR filter scales inversely with device length fbr lengths of a centimeter or less. For
typical CWDM systems, including the 13-nm bandwidth commercial standard mentioned above.
HBRs must either be very short (about 100 contours or 50-microns long) with quite high
reflectivity per contour to achieve low insertion loss or possess some advanced apodization such
as a spatial period chirp in order to provide a reflective bandpass of the required width. The use
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of diffractive contours of high scattering strengths is undesirable tbr a number of reasons
including typically high polarization sensitivity and propensity to exhibit high out-of-plane
scattering loss. LightSmyth has explored the use of advanced spatial apodization together with
more weakly reflecting diffractive contours to achieve HBR filters of required wide reflective
bandwidths, low scattering loss. and low polarization sensitivity. With LightSmyth designs,
IIBRs with 13-nm reflective bandwidths tend to be 1-2 mm in length rather than the 50 microns
that would characterize a Fourier-trans form-I imited device. More weakly scattering diffractive
contours minimizes insertion loss and lengthening of the HBR is thus good.

Achievable HBR reflective bandwidth
An important question bearing on the viability of HBRs as building blocks of coarse WDM
multiplexers is the determination of the maximum reflective bandwidth that they can support.
Reflective devices that rely on distributed diffractive contours always exhibit some frequency
dependence. There is a coupling between the reflective strength of individual diffractive
contours and the total reflective bandwidth that can be supported by an HBR device of a fixed
size.

1IBR devices are reflective in nature. More specifically, they depend on cooperative reflection
from distributed arrays of diffiractive elements (contours) each of which is by itself a weak
scatterer. There are fundamental constraints that connect the total number, N, of diffractive
elements in an 11BR (or alternatively the length, L, of the IIBR), the diffractive scattering
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Figure 5. Schematic of distributed reflector stacks (a) and cornigated wavecguides (b). Also shown
arc modal field distributions relati\e to the rellecting surfaces.
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amplitude of each element, re,, the total spectral bandwidth over which the device is to reflect,
Av, and the required reflective strength. Coarse WDM devices (e. g. a 16-channel multiplexer)
require high reflectivity over an aggregate bandwidth that may be as large as several hundred
nanometers. We wish to estimate the spectral bandwidth (which may or may not be contiguous)
over which a first-order HBR of constrained length L and simple internal geometry can provide
high reflectivity.

Consider the quarter-wave reflective stack shown in Figure 5a. The stack consists of planar
interfaces between materials of refractive index n, and n,. Let An = In2 - nil and n = (n, - n1)/2.
The planar interfaces are spaced by A/2 and produce strong Bragg backscattering at vacuum
wavelength X.t = 2nA. The incident wave (assumed incident normal to the interfaces) is
attenuated and exhibits a li/e penetration depth of approximately d = nA/qAn . For the quarter-
wave stack, q = I. The corrugated slab waveguide of Figure 5b exhibits similar behavior except
that the factor q, defined as the ratio of back scattered field amplitudes produced by the
corrugation and plane interfaces, is less than one,

A regular diffractive structure of length d has a weak-signal Fourier-transform spectral bandpass
of approximately AVd - c/4nd, where c is the vacuum light speed. We use this bandwidth to
approximate that of diffractive structures of I/e field penetration. In the following, we assume
that an HBR of length L > d may be viewed as a number of segments of length, d, each of which
has bandwidth AVd and operates at I/e field transmission. To achieve a broad reflection band,
the various 1fBR segments are chirped or frequency shifted. The construction described is
consistent with an overall HBR reflection bandwidth Avtott given by

L cLAn:q
, 4A '-3

Reflective Bandwidth - Single Mode Architecture

We shift our attention to predicting how one produces an HIBR capable of reflecting over
several hundred nm with minimal insertion loss as needed fbr general CWDM mux products. In
Figure 5d, we show the modal electric field lbr a l-lain-thick slab waveguide whose corrugations
extend entirely through the slab (a-b in Figure 5b). The value of An is assumed to be 0.03. The
q factor is found to be 0. 16. With these parameters, we find that Avt0 73x 10+13 Hz. which
corresponds to about a 210-nm reflective bandwidth at the operative wavelength broad enough
to support 16 13-nm-wide CWDM channels. It should be noted the etch aspect ratio needed to
produce the described broadband IIBR device has been demonstrated as part of the LightSinyth
development program. Note ftirther that a wide range of HBR internal designs are possible
providing even broader reflection bands and fully consistent with low loss at the fiber to die
interface. It appears entirely possible to integrate much of the current functionality attributed to
discrete thin-film filters into the Iully integrated environment.

Specifics of Multi-Mode Device Operation

The multimode IIBR devices differ in important ways from the simpler single-mode devices.
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Figure 6. Geometry of back diffraction in a multimode waveguide

We give a brief overview of how the multimode devices work. In Figure 6 is shown the
schematic geometry of light backscattering from diffractive elements within a multimode planar
waveguide. The diffractive element geometry shown (located at the core/cladding interface) is
simplified to facilitate definition of incidence angles for a representative input mode and a
representative back-diffracted mode, but the following would apply to any diff'active element
geometry. Each transverse optical mode within a multimode planar optical waveguide may be
thought of as a superposition of two plane waves, each of which makes an angle 0 relative to the
local plane of the waveguide (referred to as a propagation angle for the optical mode in
question). Different transverse optical modes typically have different propagation angles 0. The
propagation angles 0i,, and Oou, shown in Figure 6 represent, respectively, the angles made by the
constituent plane wave subcomponents of input and back diffracted optical modes of the
waveguide. Note that the input angle, Oj, and the back-diffracted output angle, Omi,. are not
shown as being equal. In general, the diffractive element set can back-diffract a specific input
optical mode into the same counter-propagating optical mode or into one or more of the other
counter-propagating optical modes of the planar waveguide. The relative strength of diflraction
into the same or different transverse optical modes depends on the geometry of the diffractive
elements and their placement relative to the core layer.

E-ach input-mode-to-output-mode diffraction process will occur most strongly at a unique
vacuum wavelength. Diff'raction will occur strongly at wavelengths satisfying the following
equation:

= A(cos0•, + cosO,,)im (I)

where m = I, 2, 3 ... is the diffractive order. The angles in liq. I are, as described above, the
characteristic modal propagation angles for the incident and diffracted optical modes,
respectively.
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Figure 7. Propagation angles for modes in a multimode waveguide as a function of effective waveguide
thickness.

In Figure 7, we plot the characteristic modal propagation angles fbr all modes that exist
in a planar guide as a function of the effective guide thickness nc,,urd/X, where d is the physical
waveguide thickness. To calculate Figure 7, a core index n,,,, = 1.45 and a cladding index n<kd
1.43 are assumed. As one moves to the right in Figure 7, the waveguide core is getting thicker.
Additional optical modes are supported as the core thickness increases. As each successive
optical mode "turns on", its characteristic incidence angle begins near the critical angle of the
core-cladding interl'ace and then decreases as the waveguide becomes thicker. As the mode
number increases, the modes become relatively evenly spaced throughout the angular range from
0' to the critical angle. Diffraction may occur from an input optical signal in any supported
optical mode to a back-diffriacted output optical field in any supported optical mode. If there are
N supported modes, there are N- potential scattering processes - some of which may be
degenerate.

The maximum back-diffracted wavelength occurs for the lowest-order optical mode diffracted
back into the lowest-order optical mode. The minimum back-diffracted wavelength occurs for
the highest-order support optical mode diffracted back into the highest-order supported optical
mode. The interval between the maximum and minimum diffracted wavelengths. AX, can be
approximated by

AX = 2An,,,,.,( I -cosOj1l)im (2)

where we have approximated the propagation angle of the lowest-order optical mode to be 0'
and the propagation angle of the highest-order supported optical mode to be 01 = I./2
sinm(n./,,,,n(,,). In many cases of interest, the diffracted bandpass width, AX. is quite small
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relative to the diffracted vacuum wavelength X. In such cases, we can approximate the diffracted
vacuum wavelength as k= 2n,,r:A/im and calculate a fractional filter bandpass ratio

A•.i. = n<<,.e ~l,<~tn~,.e(3)

where we have inserted the definition of 0n into Eq. 2 to yield Eq. 3. The fractional bandpass for
the portion of the optical signal diffracted by the diffractive element set of the multimode
spectral filter is found to be simply related, via Eq. 3, to the refractive index difference between
the core and cladding. A more accurate value of AX/X for specific waveguide parameters can be
calculated by standard methods, but for many design purposes. Eq. 3 suffices.

In Figure 8, the fractional bandpass of an exemplary multimode planar waveguide spectral filter
with the core index 1.45 is shown as a function of cladding index. The fractional bandpass is
approximately independent of the thickness of the waveguide core in the multiple transverse
optical mode regime. It should be noted again that the waveguide need not necessarily have
symnmetric claddings. The fractional bandpass is essentially determined by the larger cladding
index (i.e., the cladding index exhibiting the smaller index contrast with the core index). It may
be desirable to have a relatively large refractive index differential when diffractive elements are
formed from cladding material at a core-cladding interface, in order to increase diff'raction
strength or for other reasons. As long as one of the core-cladding interfaces has a sufficiently
low refractive index contrast, the range of guided modes will remain small and Eq. 3 will
typically suffice. An important design consideration for a multimode planar waveguide spectral
filter is the degree to which the supported planar waveguide optical modes match the modes of
input and output optical signal fields, for example optical modes supported by multimode optical

:rrtionlkl E-adlpa$s v's Vir•mtm Claddiog lndeý 0, 1 45•
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Figure 8. Fractional bandwidth arising from intermodal backscatter as a lI'mction of minimum claddinr inidex
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Figure 9. Waveguide with dilfractive elements mostly spanning core

fiber. The value of nfcld not only affects the spectral filter bandwidth but also spatial mode
matching to input/output optical signal fields. Minimal insertion losses will tend to occur when
the respective angular spreads of the transverse modes supported by the planar optical waveguide
and by input/output components (such as a multimode fiber, a multimnode channel waveguide, an
LED, a laser diode, and so forth) are substantially similar to one another.

Reflective Bandwidth - Multi-Mode Architecture

In multimode waveguides, the situation is quite different from the single-mode case
described earlier. The q factor described above is engineered to approach unity by extending the
diffractive contours across most of the core waveguide channel (like Figure 9). This can only be
conveniently done using UV exposure induced refractive index change within the multi-mode
waveguide. (The distance is too long to etch.) The refractive index contrast available through
direct refractive index change, however, is typically somewhat lower than in etched devices as
UV-induced refractive index changes may be conservatively estimated to be 0.001. Plugging in
the numbers, one finds that a multirnode HBR can achieve reflective bandwidths of about 10-
mn/cm. A family of inultimode [IBRs occupying a total length of 4 cm can thus collectively
control about 40-anm total reflective bandwidth, which may be apportioned to discrete channels
as desired. A 40-nm reflective bandwidth (at high reflectivity, i. e. 1-2 dB insertion loss) is
sufficient for a custom coarse wdm mux/demux useful for upgrade of existing DoD systems.
The available reflective bandwidth scales quadratically with achievable refractive index contrast.
Some materials exhibit significantly higher UV-induced refractive index changes than the very
conservative value mentioned above. Should we achieve an index contrast of 0.003. the
available high reflectivity bandwidth of a 4-cm HBR product rockets up to 360 nm, which is
more than adequate for even 16-channel coarse multiplexers with bandwidth specifications
meeting the current commercial format.

Overview of Phase il Objectives

1) Design single-mode coarse WDM multiplexer based on lithographically scribed planar
holographic devices that meets current industry specifications fbr coarse WDM systems.

2) Design multi-mode custom coarse WDM multiplexer based on lithographically scribed
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planar holographic devices modified to account for the multi-mode character of the guiding
layer. Pertbrmance specifications to be comparable to single-mode device.

Results of Phase II development

Design Strategy for HBR waveguides

Figure 10 a-c shows cross-sections of different planar waveguide geometries and holographic
structures. In Figure 10a, the planar hologram is realized as trenches that are etched into the
waveguide core and subsequently filled with cladding material. In Figure 10(b) and 10(c) the
planar hologram is fabricated in a unique grating layer that is part of a dual layer core
architecture and located either adjacent to the lower (Figure lOb) or upper (Figure lOc) cladding.

(a) d Pldlug

(bl) ' "(C)

Figure 10. Planar waveguide cross-sectional geometries showing fiber attch and grating regions. a,
single corc architWcturc. The planar grating is realized at core-cladding interfiace. b and c, dual-layer
core. The grating is realized in a separate grating layer adjacent to the bottom (top fbr c) cladding.

Two planar waveguide regions are critical for HBR multiplexer operation and require
optimization. At the fiber-to-waveguide interftce (to the left of the grating regions in Figure l Oa-
c) the waveguide has to be designed to yield minimal insertion loss when connecting to standard
telecom single-mode fibers. Specifically, this requires matching of the planar waveguide
eigenmode profile, a function of index contrast and waveguide dimensions, to the fiber mode.
Second, the parameters of the grating region (containing the planar hologram) need to be chosen
to yield high reflectivity over a spectral bandwidth sufficient to cover eight CWDM channels on
a length scale consistent with the available device footprint. The band width over which high
reflectivity can be achieved is a function of index contrast between core and grating layers as
well as the overlap of the waveguide mode with the grating layer.

The results of our investigation are as follows: In the waveguide architecture shown in Figure
10a the core-cladding index contrast influences both the waveguide mode profile as well as the
grating reflectivity. Consequently, the problems of fiber-to-waveguide coupling and grating
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optimization become coupled and can not be addressed independently - a design difficulty.
Furthermore, simulation results indicate that, for a given waveguide height. grating reflectivity
does not scale linearly with index contrast but rather reaches an asymptotic value insufficient for
operation over eight CWDM channels. This is due to the thct that mode confinement increases
with index contrast effectively decreasing modal overlap with the grating.

The waveguide architectures shown in Figures 10(b) and 10(c) solve these problems by
introducing an additional higher-index layer containing the planar grating. This uncouples the
problems of low-insertion-loss fiber attach and high reflectivity grating region. The former can
now be designed essentially independently by choosing an appropriate core-cladding index
contrast and waveguide core height outside the grating region. Simulation results, backed up by
prototype results, indicate that a 0.8 % core-cladding index contrast and a core height of 2 pm
will yield an optimized fiber-to-waveguide coupling loss of only 0.5 dB.

The properties of the grating region were found to be largely controlled by the thickness and
index contrast of the grating layer. Optimized performance consistent with available fabrication
technology was calculated to occur for a grating layer thickness of lgm, grating etch depth of
850 nm, grating layer index of +2% with respect to the core layer and 1.6 Jim thick core layer.
Our simulation results indicate that the architectures of Figures 1(b) and l(c) should produce a
reflective bandwidth of 400-500 nin at 1.5 pin (with reflectivity > 85 %) fully sufficient to
support eight CWDM channels.

Initial multi-HBR device results

Two parameters are especially important in the design of HBRs. These are the reflective
strength expressed as the e-1 penetration depth of resonant light into the IIBR structure and the
loss per unit length for non-resonant light propagating through the structure. To determine the
value of these parameters and compare with theoretical expectations, the multi-HIBR structure

shown in Figure 1 I was designed and fabricated. The device
113 ,R - comprises live separate I-mm thick IIBRs each having grating

X.•- elements of circular structure. The HBRs are separated in wavelength
so that, for example, if input light of k5 is incident from the input port

;ý4 (at bottom) it passes through the first fbur HBRs, interacts with the last
and is retro-reflected and focused to exit going out the input port. The

- device behaves similarly for the other wavelengths. (In HBR rnuxes,
distinct output ports are employed.) It is fbund that losses are not

2 evenly distributed about the HBR resonant frequency. When light
passes through an IIBR significantly above the resonant ftequency,

. substantial losses accrue, Below and slightly above resonance the
losses are very low when the HBR grating structure is first order. The
asymmetric spectral distribution of loss generally requires that mux
units be designed with HBRs arranged with resonances moving friom
blue to red as one moves deeper into the mux.

The structure of Figure I I was fabricated in both single and dual core
planar waveguides. The dual core device is expected to produce much
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stronger 1IBR reflectivity. The reflection spectrum of the Figure II device fhbricated in a single
core wafer with 450-nm-deep etched diffractive contours and a 2-micron-thick core is shown in
Figure 12. In this case, the e& extinction length is longer than each i-mm HBR, i.e. the devices

are in the weak reflection limit, and the spectral reflection passband is approximately
proportional to the Fourier transform of the HBR internal structure (which in the present instant
is a simple first order grating without apodization). The insertion loss is 6-7 dB with much of
this loss associated with the low reflectivity of the HBRs. Note the unilbrmity in strength of the
reflections indicating excellent low-loss focusing from HBRs of various radii, which implies
very high optical homogeneity within the relevant optical propagation paths and low
scattering/absorption/etc losses.
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Figure 12 Figure 13

In Figure 13, we show the reflection spectrum of the same 5-HBR structure when implemented
in a dual-core planar waveguide. The core consists of a 2-micron-thick layer and a a one-
micron-thick layer whose index is 0.03 higher. (The index difference between cladding and low
index core is 0.01 and all materials are silicon dioxide with various dopants with absolute indices
in the range 1.44 -1.49.) The HBR diffractive contours are etched in the higher index core layer
and filled with the lower index core layer. The reflectivity of the dual-core device is
dramatically higher than the single-core device. The total insertion loss is now somewhat over 3
dB which represents the coupling loss at the fiber to planar waveguide interface (two transitions).
Normally this coupling loss is less than I dB, but the current device was not optimized for
coupling. The insertion loss associated with the IIBR reflectivity is essentially zero. The
broadening of the spectral passbands arises from the extreme strength of the I IBR reflectivity.
The e-1 extinction length for resonant light interacting with the HBR is deduced to be
approximately 270 microns. The effective length of the IIBR becomes approximately equal to
the extinction length and thus the passband is broadened (via standard variation of passband with
inverse of the effective length).

The results of Figure 13 are very important. They confirm that the IIBR device implemented in
low index contrast silica wavegiuides can produce passbands wide enough to meet the
requirements of CWDM multiplexers. In lfct, the coupling we have achieved via our unique
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dual-core design is somewhat of a world record (in silica). Based on the current extinction
length, we calculate that a 1-mm IIBR can support a high reflectivity passband width up to
approximately 15 nrm (in the 1.5 micron spectral regime). Current DUV photolithography tools
available to us allow for the fiabrication of devices up to 3 cm long. Based on these results, we
can conclude that the 8 HBRs for an 8-channel CWDM mux will require as little as 8 mm total
length, providing a large salety margin lbr adequate design. Actual CWDM IIBR mux units will
be somewhat longer than 8 mm, because apodization will be employed to provide a more rapid
passband falloff than is obtained with a step-function-type HBR grating.

Another important aspect of the results shown in Figure 3 is the absence of increased insertion
loss as one moves from the leffmost HBR passband to the rightmost. The rightmost passband
involves optical signals that have traveled through the first four HBRs (non-resonantly) without
incurring loss. It has been common believe in the integrated optics community that HBR-like
grating structures are lossy. We demonstrate here conclusively that properly designed HBR units
are very low loss. Our measurements of Figure 3 are consistent with zero non-resonant loss. Of
course, loss must occur at some level, but it is too small to clearly appear in the measurements.

It should also be noted that the observed HBR reflectivities are consistent with coupled mode
calculations. This result is not always obtained. In some previous fabrication efforts, reflectivity
observed was low compared to theory. This appears to arise from dopant diffusion and
deformation of grating structures when device anneal temperatures are too high. We devised a
custom fabrication process that preserves design structure through the various anmealing stages
by careftil temperature and anneal time control. This custom t1brication process is an important
advance and is not the standard process used in the integrated photonics industry.

First Realization of Low-Loss, Flat Passband Filtering Function
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Figure 14. First successfil flat passband. low-loss, HBR filtering function
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Coarse WDM filters are special in that they must support broad (13-16 rim) very flat-top
passbands. They must also be compatible with coupling into single-mode libers. Of all existing
filtering technologies, only thin-film filters and a special dual arrayed-waveguide grating (AWG)
structure have been shown compatible with all of the requirements. The latter dual AWG
approach has not yet demonstrated generally acceptable insertion loss levels and occupies a large
footprint. Other technologies including reflective surface gratings (integrated or free-space) and
arTayed waveguide gratings have difficulty in producing broad passbands with acceptable loss
when single-mode outputs are required. Fiber gratings can produce the desired passband shapes
and are compatible with single mode output, but the index contrast that can be created via IV
photoexposure is too small to produce high reflection strength over the required passband in a
convenient fiber length.

Thin-film filters thus currently provide the approach of choice for powering CWDM
multiplexers. Mux devices based on thin-film filters are not compatible with integration and
comprise assemblies of many parts and require multiple precision optical alignments. It is thus a
major milestone to demonstrate an alternative integrable technology that is capable of providing
broad bandwidth, flat-top, single-mode filtering solutions and is further compatible with low-cost
stanping-based replication. Such flexible filtering solutions will likely provide the core building
block elements to build tomorrow's optical transport links within chips, between chips and
boards, and between computers in local high bandwidth networks as would be found in aircraft,
ships, as well as civilian environments.

In Figure 14, we show the first successful HBR filtering function exhibiting all functionality
needed to implement fully integrated, broad and flat passband, multiplexing units.

A single Holographic Bragg Reflector (HBR) of 4.8 mm length in silica-on-silicon dual-core
waveguide format was designed and fabricated. The lIBR comprised approximately 10,000
discrete etched circular contours that image between the input port and output ports. To achieve
the wide design passband, the spacing between the HBR contours was spatially chirped with the
shortest spacing on the input end. The HBR was also apodized using the correlated line set
method invented by LightSmyth (Optics Express 13, 2419 - 2416 (2005)).

The measured reflective passband of the prototype ILBR is shown in Figure 14. The two solid
traces represent orthogonal input polarizations. Importantly, separate measurements reveal that
the difference between insertion loss of the two polarizations stems in large part from coupling
into the channel waveguides used to access the HBR. Channel waveguides employed in this first
prototype are not optimized and industry solutions are available to provide low polarization
dependent coupling. The -I dB bandwidth of the filter is approximately 20 nm more than
enough for a single CWDM channel. The filter is operating in saturation. The upper solid trace
exhibits substantially less than I dB variation in reflectivity across the passband. The lower solid
trace, exhibits a small dip near the center of the passband. Additional measurements suggest that
this dip results from wavelength-dependent coupling into the channel waveguides for the
relevant polarization along with a small polarization-dependent bending loss in the access
channel waveguides. These channel waveguide effects can be eliminated by methods well-
known in integrated optics. The dashed line is a theoretical ekaluation of the filter performance
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value in the low reflectivity limit, which is not strictly satisfied in the present device.
Nevertheless, the model reasonably predicts the width and flatness.

From the pertbrmance depicted in Figure 14 (a first prototype device), we can conclude that
HBR devices hold great promise as a building block of integrated broad band and flat top filters.
As development proceeds, refinement of channel waveguide coupling (not fundamental to HIBR
performance) will be an important objective. Most insertion loss and polarization effects
observed in Figure 14 can be traced to unoptimized performance of the channel waveguides used
in the first prototype.

Preliminary 4-channel CWDM multiplexer/demultiplexer

Preliminary 4-channel mux devices are tested and performance analyzed. Spectral channels
corresponding to HBR devices located deeper into the chip are seen to exhibit undesirable losses
for TE polarization. Design factors associated with observed losses are identified and pathways
to eliminating loss in subsequent mnux test devices described.

In Figure 15, we show the reflected power
passbands of four channels from a first-round
CWDM mux prototype. All HBR-based filters
must be apodized so as to produce spectral

20- , transfer finctions that fall off quickly and do not
0 'interfere with adjacent channels. In the mux ofa. Figure 15. the apodization was achieved using the
I 3-line correlated line set approach (nterftrometric

SAmplitude Apodization of Integrated Gratings.
.40 T. W. Mossbcrg, C. Greiner, and D. lazikov,

_ . Optics Express 13, 2419 (2005)). The internal
1460 14• too 10 ,1"0 grating configuration used in correlated-line

Wa•veenqt, mnm apodization is shown in Figure 16.
0,

The four IIBR gratings associated with the

S simple first-otder grating
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respective mux channels are positioned sequentially so as to increase the distance from the mux
chip input. The shortest wavelength channel is positioned closest to the input port and adjacent
output port array. The sequential arrangement means that signal in the longest wavelength
channel must travel through the first three IIBR structures twice, first on entry and again as it
exits to the output port. Losses accrued by the longer wavelength channels on passing through
prior HBR gratings must be eliminated.

In the present fabrication run. we see that the total insertion loss of the first channel is about 5
dB. Of this loss, approximately, 2.5 dB is determined by auxiliary measurements to correspond
to fiber-to-chip coupling (which is not optimized and has been demonstrated in other examples to
be less than I dB). Approximately 2 dB of the remaining channel I loss comes from low grating
reflectivity. The HBRs in this fab run were designed prior to firm calibration ofreflectivity vs
device length. The HBRs were designed to be too short and thus exhibit lower than optimal
reflectivity. HBRs of longer length were tested also (as part of separate test structures) and
found to have insertion loss figures limited only by the fiber-to-chip coupling loss. Thus about 4
out the 5 dB insertion loss of channel I will be eliminated by simple design changes (better fiber-
to-chip mode matching and a longer IIBR grating the present IIBRs are only 1.9 mm in
length). The third and fibrth channels in the top of Figure 15. exhibit an increased insertion loss.
Measurements indicate that this additional loss comes from bending losses in the channel
waveguides used to access these two channels. These structures were designed prior to complete
characterization of the fab process and the bending losses are easily avoidable by small index,
waveguide profile. and bending radius tweaks. We note that passbands and adjacent channel
isolation is excellent.

In the bottom portion of Figure 15, we present the behavior of the same mux device with TE
polarization (the top section is TM polarization). In the case of TE polarization, a loss increase
with increasing channel wavelength is seen. We have analyzed this result and Find that it is
caused by the specific IIBR apodization method employed in this device (see Figure 16). In this
early design run, we used simple deleted line correlated-line-set apodization. The middle and
bottom sections of Figure 16 show the grating structure at full and zero reflection amplitude,
respectively. It will be immediately noticed that the apodized gratings have spatial Fourier
components with periods longer than the primary spacing (top grating). Existence of these
longer period Fourier components engenders polarization-dependent out-of-plane scattering for
TE polarization (the radiation pattern of TM polarization discriminates against the dominant out-
of-plane scattering directions). It is this out-of-plane scattering that produces the increased loss
with increased length of propagation through the H BR structures.

We have several solutions available to this problem. First, lines are deleted in the correlated line
apodization approach in order to prevent lithography error as grating lines move in position and
get close to one another. In the device under consideration here, every third line was deleted
regardless of need. In later designs. lines were deleted firom the simple first order grating
configuration only when calculation indicates lithographic resolution problem. A substantial
decrease in the amplitude of longer period grating Fourier components was achieved.
Additionally, the correlated-line-apod ization approach works with line sets of arbitrary number.
We are designed the apodization profiles with line-sets of 9, 13, 17 and other line numbers.
Increase in the correlated line set si7e provides another means of decreasing the net amplitude of
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long-period spatial Fourier components in the HIBR gratings and thus decreasing 11E polarization
loss. Also design options involving entirely different approaches to amplitude apodization. to be
described in the next section and further below, were latter utilized. The basic requirement in
reducing TE polarization loss on propagation through non-resonant HBR structures is to
eliminate long-period spatial Fourier components from the HBRs.

"Accordion" Apodization

We examine various apodization approaches that minimize out of plane losses for the TE
polarization.

waveguide with a unifbrm, etched,
distributed diffractive structure. Light of
in-medium wavelength k incident
through the guiding layer firom the lefl
may coherently diffract from the
diffractive structure. When X A, the

nnnnn n n ni nnnnnnn light will backscatter in the guiding layer,
back along the direction it entered. in
Figure 18, we plot wavelengths that can

4-A/2 scatter from the waveguide grating of
Figure 17. The backscatter resonance is

Figure 17. Unifbrmly spaced wavcguide diffractive shown. Also shown is a continuous band
structure showing out-of-plane scattering of waveguide-incident wavelengths that

scatter out of the plane. Here ncl.ad and n..
respectively, represent the cladding and
core effective refractive indices.
Scattering out of the plane may be useful

guided-wave in some cases, but in the present CWDM
out-of-plane backscatter application where all waves should

scatter remain guided, the out-of-plane scattering
represents loss. The absence of out-of-

SA plane scattering for wavelengths longer
that the backscatter resonance

A (nc lad+n&c )/r 2 wavelength, allows diffractive structures
for various multiplexer input wavelengths

Figure 18. Wavelength line showving, which to be stacked with the shortest
wavelengths scatter and to where in a unifrirm wavelength reflector first so that signals
%%a vegide di firactive structure of spacing A 2. do not pass through diffractive structures

capable of producing out-of-plane
scattering prior to interacting with their resonant diffractive structure. The gap between resonant
backscattering and the out-of-plane loss scattering can be traced to the difference in magnitudes
of the guided and cladding mode wave vectors and can be useful in limiting loss.

When a diffractive structure is apodized, the well-defined spatial period of the structure is
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broadened into a band of spatial Fourier components each of which can generate an out-of-plane
loss band like that shown in Figure 18. When the apodization produces grating spatial
frequencies whose wavelengths are red shifted relative to desired signal wavelengths by more
than the scattering gap (see Figure 18), those spatial frequencies contribute loss.

The trick in producing an apodization scheme with low loss is fbund to involve creating a spatial
structure whose spatial frequencies are primarily higher than the unapodized uniform spatial
frequency yet correctly apodizes the structure for interaction with the optical signal. In our early
apodization approaches, the spatial Fourier spectrum produced tended to be symmetrical about
the original spatial frequency and was thus capable of generating scattering from the long
wavelength spatial components. We have also developed and implemented an approach that
tends to produce primarily shorter wavelength spatial Fourier components and should reduce out-
of-plane loss.

line set
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Figure 19. Two correlated line set approaches to amplitude apodization. In top (a,b), spacing
between line pairs is constant. In bottom (c.d), spacing between all lines in the correlated set
decreases. Second method produces blue biased spatial Fourier spectrum - good. Phasor
representations oftnet reflected anmplilude in both cases arc shown at bottom.

In Figure 19, (a) and (c) represent uniform diffractive structures. (b) represents our earlier
correlated line set approach to amplitude control. In (b), a set of five lines is reduced to fbur, the
outer pairs are center shifted while maintaining the intra-pair spacing. The net reflection
amplitude of the correlated line set may be continuously controlled by varying the spatial shift of
the outer pairs. The apodized structure's spatial Fourier spectrum is largely symmetric about its
original well-defined unapodized spatial frequency and the long-period Fourier components can
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contribute to loss.

In Figure 19 (d), another approach to continuous line-set amplitude control is shown. In this
case, sets of' lines are given shorter periods. The shortness of the period controls the net
reflectivity at the operational signal wavelength. Because the line spacing typically becomes
smaller, the overall spatial Fourier spectrum of the structure is biased blue. Few red-shifted
spatial Fourier components are generated and the resulting out-of-plane scattering loss at tile
operational signal frequency is simulated to be substantially reduced. We call this approach to
apodization the "accordion" apodization approach.

HBR Fabrication Process

To fabricate HBR devices incorporating the ideas described in the last several reports, an
extensive series of steps is followed. These steps are described in this section.

The first step in the fabrication process is the allocation of space within the 25x33 mm DUV
photolithographic stepper field. Each IIBR-based multiplexer typically requires a rectangular
space of 4 mm x 25 mm. Owing the high costs of fabrication and mask making - many of which
do not scale with the number of designs within the available stepper exposure field, the field is
densely packed with different devices, some multiplexers, some general test structures. In a
typical fabrication cycle, six entirely separate CWDM multiplexers using different apodization
approaches were selected. Additionally, fifty or so channel waveguide grating structures are
included to test ID copies of the 2D HBR grating patterns.

The second step of designing the apodized [IBR's comprises several sub-steps. First, software is
written to calculate the amplitude and phase apodization that is required to give the passband
profile desired. The output of this step is a function of amplitude and phase from front to back of
the lIBR controlling one channel of a multiplexer (for example). The apodization functions
obtained are simply mathematics and need to be translated into physical device characteristics by
an apodization approach consistent with device fabrication using purely binary etch - for cost
effective implementation. Separate software programs are written for each method of
apodization and the mathematical apodization is translated into the precise position of thousands
of individual contours that actually comprise the HBR. Next, additional software is written to
convert the line spacing information into a set of points that mathematically represents each and
every contour. This set of points (the HBR point image) is fed into yet more LightSmyth written
software that simulates, via numerical diffractive scattering calculations, the actual behavior
expected from fabricated devices. The HBR point image typically comprises millions of points.
Calculations of simulated performance are lengthy.

Once a convergence of desired passband and simulated passband emerges, the HBR point image
data is input to commercial electronic mask layout software. The complex diffractive HBR
structures are written segment by segment. Up to a million or so straight line segments are used
to represent the focusing contours of an HBR. Of course, care is taken to ensure that the error
between straight-line approximations to curved contours is consistently less than a tenth
wavelength (depending on specific design). The mask layout software is used to generate a
GDS2-format mask image, which is sent to a mask vendor for fabrication.
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In addition to the ditiractive-level mask, a waveguide-level mask is required to provide optical
access from the edge of each die to the slab waveguide region wherein the HBR's are situated.
The waveguide-level mask is laid out with the same commercial mask layout software.

Once the two masks have been produced, the two-layer It5brication process can be set in motion.

Product Level HBR multiplexer Performance

Incorporating the design ideas and improvements described above, we produced a series of
wafers whose HBR multiplexers displayed product level performance.

A number of wafers were produced with single-core and dual-core construction. In the case of
dual-core wafers, three different thickness of the grating material layer were employed. The
difTerent grating material thicknesses (and corresponding different grating etch depths) result in
quite different grating-field coupling strengths. Also, the thickness of the grating material layer
is found to significantly influence the polarization dependent wavelength shift of the devices.
Several multiplexers were designed and fabricated. We first describe an unapodized 8-channel
multiplexer.

Eight-Channel Multiplexer

In Figure 20 is presented the transmission spectnim of 8 separate channels of an JIBR-based
CWDM multiplexer. The die has one input channel waveguide and eight output channel
waveguides. Eight separately oriented and spatially successive IIBRs control the coupling
between the input and the various outputs. Figure 1 shows the superimposed output reflection
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Figure 20. Ei_,t-channel unapodized CWDM multiplexer
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spectra of the eight output channels. The data at right was obtained via a filtered white light
source as available lasers did not operate at the appropriate wavelengths. The noise floor of the
filtered white light source was substantially higher than the laser source. Each HBR in this
multiplexer had a chirp in diffractive line spacing so that its reflection bandwidth could be
expanded to fill the design CWDM bandwidth. There was no apodization to suppress passband
wings. This unapodized device was fabricated so that we could ultimately compare its behavior
with more advanced apodized devices exhibiting much more rapid wing falloff. Also, a simple
chirp design introduces the smallest possible range of spatial frequencies into the grating
structure. As pointed out in previous sections, the introduction of a wide range of grating spatial
frequencies can lead to unacceptable loss.

Important points to note: The device is tile world's first filly integrated flat-passband CWDM
multiplexer that is capable of functioning in a ftilly single-mode environment, i. e. both input and
output may be single-mode ports. The maximum insertion loss (fiber-to-fiber) is about 3.5 dB
while the bluest channels have only about 2 dB of insertion loss. Of this loss, approximately 1.5
dB comes exclusively from fiber-to-die coupling. As this is a first prototype, both fiber-to-die
coupling and HBR insertion loss can be expected to be significantly improved in follow-on
development. The wing falloff agrees with simulation for an unapodized linear chirp (in the high
reflectivity limit) and will be substantially improved in apodized devices. The polarization
dependent loss and wavelength shift are negligible. The device is athermal over an operating
range of about 120 C. Only high-part-count, free-space, thin-film-filter-based devices could
previously provide the single-mode performance shown in Figure 20. The multiplexer die size is
approximately 4 mm by 20 mm. Cost and performance advantage relative to previous
technologies is profound. The small die requires only a simple package without temperature
stabilization and likely without hermetic sealing. But final packaging constraints will be
revisited at a later time.

It should be noted that the aggregate reflection bandwidth achieved in the eight channels
is more than 120 rnm. To provide nearly total reflection over such a large bandwidth with less
than 20 mrm of waveguide grating is a very powerfid result. UV-written Bragg gratings generally
do not have intrinsic reflectivity large enough to produce wide bandwidth total reflectors with
reasonable lengths - long filters can introduce undesirable group delay ripple. LightSinyth has
put man-years into the development of strong and low loss gratings. The results obtained are a
pleasant confirmation that the original projections concerning achievable reflectivity and
bandwidth were correct. Holographic Bragg reflectors function analogously to thin-film filters
and may be considered integrated thin-film filter equivalents.

In high index guiding layers like silicon, integrated HBR devices should provide even
stronger grating-field coupling. HBR devices and multiplexers may be essentially useful in
silicon photonics as their low loss character will be an improvement over alternatives.

Four-channel apodized, high perlbrmance, integrated HBR mIux

The eight-channel mux described above is unapodized. which means that the wings of its
spectral passbands are relatively slowly falling in accordance with basic Fourier principle. To
produce spectral passbands with rapid fall-off it is necessary to introduce amplitude and phase

26



Figure 2 1. High perfbrmance. integrated, apodized, HBR CWDM muhliplexer/deiultipltexer

variation into the reflectivity as a function of position of the HBR mirrors. In Figure 21. we
present measurements of a four-channel multiplexer whose IJBR's were amplitude modulated
using the "accordion" method (see above).

It will be recalled from the discussions of previous reports that the challenge of introducing
position-dependent reflective amplitude in IlBRs follows friom the binary nature of standard
semi-conductor etch methods. Our t BR devices comprise curvilinear trenches etched into a slab
waveguide core-cladding interface. Simple etch methods provide trenches of essentially the
same depth and hence reflectivity. Apodization requires variable reflectivity which could simply
come from variable etch depth, but such depth variation is inconsistent with standard fabrication.
Our approach to introducing amplitude control while using binary etch is to use interference in
the reflections firom groups of trenches to control the overall reflectivity of the trench group even
though all the individual trenches have uniform depth and reflectivity. In the accordion method,
groups of trenches are displaced toward a common center with the spacing between all trenches
in the group remaining uniform. The resultant diffractive region, considered as a short grating
segment. becomes blue-shilled relative to its nominal operating wavelength and thus has lower
reflectivity, since it is detuned.

We designed and fabricated a four channel mux apodized with the accordion method with
channel HBRs comprised of trenches whose spacings also exhibit a slow spacing chirp in order
to create a large reflection bandwidth. The accordion apodization is employed at the edges of the
HBR to reduce reflectivity relatively slowly rather than abruptly at the end of the trench array.
The accordion apodized device pertbrmance is shown in Figure 2 1.
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Figure 22. Photograph of'4-channel mux of Figure 21 connected to fiber array I/O

The channel passbands are uniquely flat, unprecedented performance for an integrated device
with such low insertion loss. It will be noted that the passband wings fall offquickly at a rate of
roughly 10-12 dB/nrn. The TE and TM polarization results are both shown overlapped in Figure
21. It can be seen that the polarization-dependent loss is only about 0.2 dB. Also, the
polarization dependent wavelength shift is negligible. The polarization-dependent wavelength
shift is controlled by the dual layer core geometry devised by LightSmyth to balance various
structural and strain ftctors to achieve very low birefringence. The device is passively athermal.

The device performance shown is product level and clearly disruptive. The designs
demonstrated here are the only ones ever constructed in an integrated environment that can
produce a competitive integrated CWDM miux for single-mode systems. Variants can be
expected to work in stamped/injection molded polymer format and in the silicon photonic
format.

In Figure 22. we show a 4-channel CWDM accordion mux chip with a v-groove fiber array
attached. The device size is small to a record breaking level. A prototype of this device, like
that shown in Figure 22, was shipped to various potential customers including Lockheed-Martin
who verified our test results.

Only one wafer with the accordion mux design has been produced so issues about yield are not
yet clear or optimized. It was noted that in some of the chips from this single wafer, insertion
loss increased strongly for signals as a function of physical depth into the device. We tentatively
attribute this to inhomogeneities in the various film layers comprising the planar waveguide that
occurred for certain regions on the water. Such inhomogeneities will lead to a defocusing and
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shiftuig of the optical signal beams that accrues with propagation length, i. e. depth into the
device. It is believed that attention to this issue in subsequent lfbrication runs will eliminate or
at least substantially reduce this issue.

Split-Contour Apodization

We now describe measurements and principles behind an alternative approach to HBR
apodization, i.e. wavefront splitting apodization. Unlike methods described above, this
apodization approach makes explicit use of the 2D nature of HBRs. In this method, portions of
the signal spatial wavefront are differentially phase shifted, which through interference at the
output port leads to output amplitude (and phase) control. We describe the method,
measurements of a test implementation, and describe aspects of the device performance that are
not yet understood.

It is crucial in the implernentation of planar waveguide spectral filters to provide for flexible
passband control, which does not introduce unacceptable loss. As described above the
introduction of diverse spatial Fourier components into the structure of a distributed diffractive
structure can lead to loss. Structure Fourier components with k-vector magnitude less than the
operative signal k-vector magnitude because they can produce out of plane scattering and hence
loss. It is good to avoid apodization methods that create red-shifted structure Fourier
components. The ultimate low-loss integrated diffractive structures will have no spatial Fourier
components red-shifted relative to the signal.

The correlated line set apodization approach (of which the accordion method, described
previously, is a variant) allows for reflective amplitude control by the relative displacement of
individual diffractive elements (grooves or trenches) within a small set of such elements so as to
inter frometrically control the overall reflective amplitude of the set to desired values even
though each diffractive element (constructed with binary etch) always remains at constant
reflectivity. The displacement of individual diffractive elements away from simple periodic
spacing, introduces additional spatial Fourier components into the structure. The accordion
method of interferometric amplitude control is essentially a near single-sideband spatial
modulation approach. The displacements of diffractive elements in accordion apodization are
chosen so that the blue shifted spatial Fourier components are heavily favored relative to the
lossy red-shifted spatial Fourier components. However, the red-shifted spatial Fourier
components are not completely zeroed in accordion apodization and losses are not completely
suppressed, although as the 4-channel apodized mux results clearly demonstrate, residual losses
can be so small that they do not interfere with meeting specs for CWDM multiplexers.
Nevertheless, it is useful to explore whether alternative apodization approaches exist that allow
for even more perfect elimination of lossy. red-shifted, apodi7ation-introduced, structural Fourier
components.

The whole family of correlated-line-set apodization methods is a one-dimensional solution that
could be implemented in channel waveguide gratings, fiber gratings, or thin film interference
filters. The HBR devices are two dimensional. Are there uniquely two-dimensional approaches
to apodization control that provide optimal suppression of undesired spatial Fourier components
in the diffractive structures? We believe that there are. Instead of moving individual diffractive
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elements in one-dimension to interfere with one another, in a two-dimensional device one can
split a single diffractive element (i.e. grating line analog) into two or more pieces. Each piece
still provides focusing from input to output port, but by splitting the single diffractive element
into multiple pieces and spatially shilling the diverse pieces (therefore phase shifting the out-
coupled signal from corresponding pieces), one can interlierometrically set the net output field
reflected from the diffiraction element to any value desired.

In the HBR, stacks of diffractive elements across the signal wavefront are differentially
displaced. Within a single stack, the diffractive elements have nearly perfect periodicity except
for an overall slowly varying spatial phase shift relative to other diffractive element stacks
introduced to produce the desired spatially varying amplitude apodization. The displacements of
diffractive elements within a small set such as that which occurs in correlated-line-set
apodization methods (one-dimensional) introduces high spatial frequency Fourier sidebands
including lossy red-shifted sidebands.

In Figure 23, we graphically portray diffractive element contours as used in wavefront splitting
apodization. In part (a), all rays emanating from the input port reach the output port in phase. In
part (b). half of the diffractive element is displaced from its original position. Consequently, rays
striking the two diffractive element regions travel different path lengths and arrive at the output
port with a phase difference directly proportional to the displacement between diffractive
element sections. By varying the displacement. one controls the net reflection amplitude. In the
HBR. hundreds or thousands of diffractive elements are present. These elements are divided into
stacks with a stack comprising, fbr example, one side of the split diffractive element of Figure
23b.

split

diffractive diffrtbcic
element clement

(a) (b)

output input output input
port port port port

Figure 23. (a) Continuous HBR contour; (b) ,plit HBR contour with controlled displacement tbr control of
net rcflected amplitude.

While the central concept of the waveftont splitting apodization method is simple, a
variety of subtle factors must be analyzed and understood betbre devices employing it can be
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designed. For example, one must look at how fields from the split diffractive elements intert;re
at various positions across the output plane. The phase difference does not remain constant.
Ordinarily, it is the variation in relative phase of rays hitting various points on the diffractive
element that determines the overall profile of the output spot. One finds that the split wavefront
apodization method remains viable when this and other effects are incorporated into the analysis.

-ThN

2 ii i <
, j 

,

Figure 24. Five-channel CWDM mux apodized with the split contour method

We have designed and fabricated a five-channel CWDM mux unit with HBRs apodized using the
split wavefront approach. The throughput of the mux is shown in Figure 24.

Generally speaking the mux performance is good. The insertion loss for all five channels (fiber-
to-fiber) is better than about 2.5 dB. The polarization-dependent loss (not shown) is less than 0.2
dB. The passband wings fall off rapidly as a result of the split wavefront apodization. There are
two anonmlies. First, there is out-of-band cross talk (the peaks between the channels). Second,
there are ripples on the passband.

The out-of-band crosstalk has been identified by modeling to result from a spatial spreading of
the output spot consequent to introducing segments into the diffractive elements. Output ports
were spaced at a distance that provided isolation for full contour output spots. This problem can
be solved simply by increasing the spatial separation of ports on the output plane.

More problematic is the ripple within the passband. Our detailed Fresnel simulations of the
structure do not reproduce it. Physically it appears to be a Fabry-Perot effect involving a
reflection fr'om the front end of the IIBR and the designed operating point within the IIBR,
which gets deeper as the wavelength gets longer. Such an interference effect would produce the
chirped passband ripple observed. We are speculating that some sort of impedance mismatch
has been created within the planar waveguide at the ftont end of the HBR. In light of the
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otherwise excellent performance of the split wavefront apodization method, it appears that more
effort is warranted to understand and hopefully eliminate the ripple efftct.
It should be noted that in a second wafer, designed to ha~e lower reflectivity, the passband
ripples do not appear (see Figure 25). The absence of ripples in devices from the low
reflectivity, single-core wafer support the notion that some discontinuity associated with the
multi-core waveguide (the second layer starts at the front of the IIBR) may cause a broad band
reflection. On the other hand, similar reflections are not found with other apodization methods.
We continue to w.ork to understand this feature.

4' ii

Figure 25. Five-channel HBR mux with split apodization implemented in a weakly relccting waveguide
geometry.

Chromatic Dispersion in HBR CWDM Multiplexers

In initial evaluations of the performance of LightSmyth integrated CWDM multiplexer, potential
customers have expressed concern over the chromatic dispersion produced by the device.
Apparently, it is widely believed that grating-type devices exhibit unacceptably large chromatic
dispersion. In response to this concern, we undertook a theoretical and experimental program to
determine the chromatic dispersion properties of the HIBR-based CWDM mux. We first describe
theoretical modeling results which show that the LightSmyth device has low chromatic
dispersion and we explain why.

Optical devices typically display chromatic dispersion. Chromatic dispersion physically
corresponds to the presence of a wavelength dependent optical path length within the device. A
wavelength dependent path length may arise from an intrinsic wavelength dependence of
refractive indices, a wavelength dependence of waveguide propagation parameters. or a
wavelength dependent physical path within the device. The latter is relevant to the HBR-based
multiplexers. Chromatic dispersion is undesirable because it leads to a distortion of the temporal
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profile of data signals propagating through the device.

HBR-based, integrated, silica-on-silicon multiplexers contain a chirped retroreflective diff•active
structure (grating). The presence of' chirp in the diffractive structure means that signals
experience a wavelength-dependent physical path as they move between input and output ports.
The gratings are oriented with their blue end toward the input so redder signals see a longer
physical delay. The gratings are about 2.7-mam long and are chirped over a reflection bandwidth
of about 15 nm. The maximum physical path difference is thus 5.4 mm and with an index of
refraction of 1.45, the maximum optical path difference is 7.8 mam. In terms of delay, this
corresponds to 26 ps. Thus we estimate crudely that the chromatic dispersion (delay/unit
bandwidth) should be about 1.7 psec/nm. This is a very small value of chromatic dispersion and
would lead to negligible signal distortion even at 40 Gbit/sec transmission rates.

We have performed a detailed mathematical simulation of the chromatic dispersion expected in
grating structures modeled after those used in our multiplexers. The expected optical delay as a
function of wavelength is shown in Figure 26 and the expected chromatic dispersion is shown in
Figure 27.
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Figure 26. Waxelength dependent Figure 27. Chromatic dispersion
delay and reflection profile. (ps/nm) and reflection profile.

The detailed calculations of Figures 26 and 27 agree very well with the crude estimates given in
the previous paragraph confirming that the chromatic dispersion of the integrated holographic
multiplexer devices is very low and fully consistent with needs of even the most demanding
communication systems.

It is interesting to try to understand why many workers in photonics have come to see large
chromatic dispersion as a typical feature of grating-based devices. The most commonly utilized
grating devices are fiber gratings. In fiber gratings, the diffractive structure is formed through
Ultraviolet-induced rei'active index changes. Achievable refractive index changes are typically
less than 103. The refractive index contrast in the etched integrated holographic gratings being
developed in the present Phase 11 SBIR are approximately 2 orders of magnitude larger. It
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follows that fiber-grating-type devices configured to perfbnn the same filtering function as an
integrated holographic device would have to be roughly two orders of magnitude longer.
producing physical path changes and therefore the chromatic dispersion roughly two orders of
magnitude larger. It would appear that it is not grating structures per se that are plagued with
high chromatic dispersion, but rather grating devices implemented with low refractive index
contrast - where low means An < 10'. This result is made even more compelling by noting the
thin-film filters are essentially grating devices as well, but operate with quite high refractive
index contrast (order 0.5). Thin-filn filter devices are viewed as relatively low in chromatic
dispersion.

We have experimentally determined the chromatic dispersion properties of our HBR CWDM
mux units. In Figure 28, we reproduce the calculated chromatic dispersion for one channel of a
HBR-based CWDM multiplexer implemented with a standard 2.7-mm length and 13-nm
operational bandwidth.

40- .2l
0 2-

W e) .40 (

S-50- C

60 -- 2 ~ -~---------
1 47 1,48 1 49 1 53 151 1540 1545 1550 1555 1560

Wavelength GtLm) Wavelength (nm)

Figure 28. Wavelength dependent chromatic Figure 29. Measured chromatic
dispersion and reflection profile, dispersion (psi'nm).

The chromatic dispersion is approximately 2 ps/nm with spikes to about 3 ps/nm. In Figure 29,
we present actual measurements of chromatic dispersion for a fabricated device. The center
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wavelength for the filter actually measured (1550 nm) differs from the value used in the
simulation (1490 nm); however, bandwidth and other physical properties were identical.
Measurement agrees with theory indicating that the device chromatic dispersion in the
approximate range of2(±+) ps/nm.

At 40 Gbitisec. the temporal distortion expected is thus about 0.6 ps. Considering the 25 ps bit
duration, it is clear that the distortion is negligible. This remains true even at 100 Gbit/sec where
the distortion is about 1.5 ps and the bit duration is 10 ps. At more popular bit rates of 10
Gbit/sec and lower, the device chromatic dispersion is practically non-existent.

In Figure 30, the calculated group delay versus wavelength is presented superimposed over the
passband of the filter. In Figure 31, measured group delay versus wavelength is presented.
Overall, agreement between calculation and measurement is excellent and demonstrate that
chromatic dispersion is not a problem for HBR-based CWDM multiplexers even up to the 100
Gbit/sec level.

Impact of Waveguide Non-Uniformity

Measurements

In Figure 32, we display the passbands of various channels in an fIBR-based CWDM
multiplexer. The device studied has 5 channels. It can seen in Figure 32 that the mux has low
overall insertion loss and that the increase in insertion loss from the first (bluest) channel to the
last channel is small. The device in Figure 32 is essentially of product quality. Note that the
bluest channel occurs physically first within the device while later (redder) channels are placed
successively deeper into the device. The physical path within the device increases from left to
right (blue to red) of the displayed channels.
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Figure 32. 5-channel CWDM mtux fabricatcd Figure 33. 5-channel CWDM mux exhibiiing
with mostly unitbrm urims and etch depth. effects of fim and etch inhorogeneiiy

In Figure 33, a 5-channel mux of a similar design as that of Figure 1 is shown. It is seen that the
insertion loss increases friom left to right among the channels which is equivalent to saying that
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insertion loss increases with signal path length within the device. Without additional
information, the data of Figure 33 could be interpreted to mean that the diffractive structures or
the waveguide itself were lossy. We have conducted extensive analysis of the device including
slicing it at various positions allowing light to be injected from various positions and allowing
measurement of output directed signal beams in non-standard directions and positions. We
found a very surprising result. For the device of Figure 33, we fbund that the outbound signal
beams were defocused and spatially deflected from their design output configuration. The large
increase in insertion loss shown in Figure 33 arises not because of energy loss within the device,
but rather from a steering and defocusing of output signal so that it does not efficiently enter the
output channel waveguides that route signal to the edge of the chip.

On analysis, we conclude that the most likely cause of this effect is either a non-unilfrmity ofthe
waveguide index or a non-uniformity of the grating etch -which introduces indirectly a spatially
varying index. Etch depth non-uniformity leads to waveguide index non-uniformity because the
etched grating trench is filled with a material of different bulk index than the grating substrate
leading to a local average material index that depends on etch depth. The steering and defocus
result from different types of effective waveguide index non-uniformity. A linear ramp in index
across a signal beam wavefront leads to beam steering. Random index fluctuations across the
signal wavefiont lead to detbcusing.

Fortunately, from Figure 32 it is clear that proper foundry fabrication control can produce
waveguide grating structures having sufficient uniformity to provide highly eflfctive coupling of
the output signal beams into their design output channel waveguides.

It is interesting to note that defocusibeam steering has only been observed when the slab
waveguide has a dual layer structure. At the present time, we cannot tell whether it is the
addition of the second layer itself that can cause the problem or whether it is etch depth variation
in this higher index layer. To achieve high yield of the HBR mux products, control over the
manufacturing process will have to improve beyond the level obtained in our Phase 11 work.
Likely this will require a partnering, rather than pay as you go, relationship with the wavegUide
foundry.

Comnpensating device geometries

We have investigated HBR design concepts that would tend to mitigate fabrication-induced
inhomogeneities in waveguide refractive index. Such inhomogencities can distort signal
wavefronts and lead to increased device insertion loss since distorted signal wavefronts do not
couple efficiently into single-mode output ports.

LightSmyth's approach in this is based on the notion that if signal modes can be made discrete
rather than continuous as in a standard slab waveguide. it may be possible to keep signals in
well-defined design modes w~ith predictable wavefronts despite the presence of some level of
fabrication-induced refractive index inhomogeneity. The idea is that with discrete and suitably
differentiated modes, signals can follow inhomogeneity-induced mode variation adiabatically
remaining within a single signal mode distorted only by local inhomogencities. With continuous
modes and non-adiabatic wavefront evolution, total wavefront distortion accumulates from the
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Figure 34. a) strip of grating material, b) core of slab waveguidc, c.d) cladding material, c) input signal path,
t) grating material guide, g) diffractive lines active to filter, fbeus, redirect

effect of all inhomogeneities experienced by the signal. We have devised an approach that
translates these general conceptual ideas into simple more effective HBR devices. Multiple
advantages of the design innovation accrue including greater lateral compactness as well as
robustness from fabrication imperfections.

The basic approach is to create a waveguide within the standard slab waveguide (see Figure 34.
Signals are weakly bound to a central core guide (a) and redirected and focused by diffractive
lines (g) etched into the core guide into modes that propagate off to the side to output ports. As

shown in Figure 35, the output direction may also have a stripe of guiding material.

In Figure 34, signals diffracted by etched diffractive lines in the guiding stripe (within the overall
slab waveguide core) propagate via the continuum of slab modes once they are deflected by the
diffractive lines. Generally, the lower refractive index material comprising the regular core layer
is found to be more homogeneous than the grating material stripe (needed to provide high grating
reflectivity) and so establislunent of discrete propagation modes to preserve wavefront is not
entirely necessary for signals propagating in the lower-index single-core region. The input signal

is transversely bound to the higher index grating material stripe and should, in the presence of
some classes of inhomogeneities, adiabatically follow mode evolution as it follows the stripe.
Additional sections of diffractive lines selecting different wavelengths and focusing to diffierent

output ports can be placed in series along the guiding strip.

In Figure 35, a second grating material stripe is placed between the diffractive lines on

the first guiding stripe and a design output port. In this case, inhomogeneities in the slab

waveguide layer can be decoupled from signal wavefront perturbations also. Signals may be
coupled to output channel waveguides by judicious tapering of the grating material stripe.

In both Figure 34 and 35, the guiding stripes are 10-100 microns wide so that each

diffractive line produces a reasonably directional output signal. This prevents a wide spectrum
ol signals firom being diffracted from ithe grating structure. This is important since dilTraction
over a wide bandwidth would introduce unwanted loss. The wide diffractive lines make the
grating act as a volurne hologram rather than a simple surface-type grating. Volume holograms
preserve k-vector in multiple dimensions whereas surface gratings preserve only the k-vector
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Figure 35. Grating guided signals. a) input stripe of orating material, b) diffractive lines (focus, filter,

redirect), c) output stripe, d) input signal direction

component perpendicular to the grating lines. In the latter case, every wavelength can be
diffracted. In the former case, only certain wavelengths can be diflfacted.

Simulations and analysis of grating guided structures indicate that they do provide mode
discreteness as needed to eliminate wavefront distortion otherwise introduced into slab
waveguide bound signals by fabrication inhomogeneities.

We have simulated the impact of a spatial index variation, mimicking the size and magnitude
expected from fabrication imperfections, on grating-guided and freely propagating signal modes.
In the grating-guiding case, a model system comprising a 40 micron wide guiding strip. 0.5
microns deep, with index 1 percent above the 1.4565 index slab guiding layer was examined.
Cladding layers had index 1.4457. A spatial index variation was introduced within the grating
guiding layer. Within a region 15 microns wide and 2000 microns long, the index was decreased
from the standard guiding layer value of 1.4728 to 1.4703. The perturbed region, modeling, fbr
example, a dopant variation during manutacture, was tapered at both ends.

In the pure slab waveguide case, where the signal fireely propagates within the plane of the slab,
the same spatial index perturbation is introduced. In this case, the slab waveguide has grating
material everywhere (i.e. the slab waveguide has two layers with the grating material layer
perturbed by the shape described above). A freely propagating signal within the slab guide is
made incident on the perturbation firom the same direction as the grating-guided signal (i.e. from
the perturbation's end).
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Figure 36. Profile of signal mode as a function of propagation depth, z. into a spatial region containing a
refractive index inhornogeneity (thin tapered region at center of each plot). The left plot refers to a
grating-guided signal and shows that the signal mode adiabatically propagates through the index defect
region. The right plot shows thai the same index inhornogencity causes a pennanent wavefront
alteration in a signal freely propagating in a slab waveguide.

To determine the extent to which the spatial index perturbation coupled energy out of the signal
mode, both grating guided and freely propagating fields were projected onto their forms obtained
firom models with no index perturbation. In other words, signals exposed to the perturbation
were projected onto their original modes after propagating past the perturbation. It was found
that the grating-guided signal retained approximately 95% of its original energy while the freely
propagating signal retained only 77% of its energy in the original mode. These simulations were
performed using the beam propagation method. Results confirm that the signal mode can be
preserved in the face of local index perturbations by introducing a discretization into the
propagating mode structure. In our case, the discretization is introduced by allowing grating
material to guide the signal.

In Figure 36, the wavefront of a signal propagating through an index perturbation as described
above is shown. The lelt plot shows the adiabatic propagation of the signal past the perturbed
index region. As stated above the power remaining in the original guided waveguide mode
remains 95% alter the signal has past the index inholnogencity. The right plot shows the
permanent distortion of the freely propagating signal wavefront. Only 77% of the signal power
remains in the original signal mode. In physical devices, the regions of perturbed index are
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unpredictably positioned and in pure slab environments lead to the cumulative degradation of the

originally intended signal wavefront. Such degradation may lead to major loss when the signal

mode is routed off chip into a signal-mode transport means. In the case of grating guiding,
which retains many of the flexible routing and signal control properties of the pure slab design,

signal wavefront integrity is substantially less degraded indicating that pathways to high yield
manufacturing are indeed available.

It is not necessary that the guiding structure used to discretize the slab waveguide modes is the

grating layer material. A rib in the lower cladding or tile addition of a dedicated material layer
may also provide for mode discretization and therefore mode stability. Use of a dedicated
structure for mode definition has the advantage of decoupling grating reflective strength from
mode definition parameters, Generally, laterally defined modes should be as wide as possible so
that the diffractive devices have narrow output diffraction angles.

Properties of HBR-based multiplexers in Silicon-on-Insulator Formats

We have analyzed the implementation of Holographic Bragg Reflector filters and multiplexers in
multimode waveguides based on the Silicon-on-Insulator (SOI) platform. SOI offers simpler and
more cost-effective fabrication than the silica-on-silicon planar lightwave circuit platform as well
as full CMOS compatibility.

Distributed diffractive structures such as holographic Bragg reflectors can be implemented as

single or multimode solutions in the SOl platfonn. At typical telecom wavelengths of 1.5 Pilm,
single-mode solutions require waveguides to have core thicknesses of about 200 nm.
Extraordinarily strong grating coupling can be achieved in highly confined single-mode
waveguides. The strong grating interaction and tight confinement of SOI-based single mode
distributed diffriactive structures make possible highly integrated CWDM filters with very small
footprints. On the other hand, the fundamental mode profile in a single-mode SOl waveguide is
significantly different from that of a typical telecom fiber. This makes coupling an optical fiber
to an SOl waveguide with low loss a challenging proposition.

HBRs may also be implemented in wider-core inultimode SOI waveguides, which simplifies the
coupling to outside standard telecom fibers. Gratings in multimode guides have multiple
resonances at different wavelengths that arise from the coupling between the various horizontal
modes. Device designs need to account for this effect so as to avoid undesirable losses. Here, we
performed detailed analysis of the implementation of HBRs in SOI weakly multimode
waveguides.

A key figure of merit in the design of ttolographic Bragg reflectors is the available per-facet
grating reflective strength since it determines the overall available reflective bandwidth lbr a
given device length. The per-facet reflective strength depends in detail on the modal overlap of
the resonant input mode with the grating as well as the grating's index contrast. We have explore
d the dependence of the grating strength on the core diameter of the SO1 waveguide fbr fixed
grating depth and set index contrast to determine the feasibility of a CWDM filter in SOL. The
grating depth was chosen to be 300nm. consistent with standard etch recipes and reliable trench
fill. The index contrast was kept fixed by simulating a grating between the Si core and an upper
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SiO 2 cladding. Rather than showing results lbr the per-fhcct grating strength itself, we translate
the latter parameter into the length required to make a CWDM filter reflecting a bandpass of 15-
nm about its center wavelength with less than I dB transmission loss.

Figure 37 shows a cross-sectional view of the SO! slab waveguide, including grating structure,
used fbr simulation. The slab waveguide consists of silica upper and lower (BOX, i.e. buried
oxide layer) claddings with thickness d = I ýtm. w denotes the silicon core total thickness which
was varied (specific values are given in the figures showing results). The grating region was

'i10, cladding

h

oicre W

SiO cladding d

Figure 37. Cross-sectional view of silicon-on-insulator waveguide model used to study coupling
strength and modal properties. The guide has l-.tm-lhick silica claddings. w, silicon core height; h.
grating height (etch depth).

chosen to be h = 300 nmn deep, consistent with the 3:1 maximal aspect ratio that typically yields
gap fill without voids. The grating is formed at the core-cladding interface by etching trenches
into the silicon and subsequent deposition of silica or similar material of refractive index lower
than the Si core.

Required Length for 15-nm Filter at 1550 nm

100

E

< 10

t• assumes 300 nm deep grating

1'0 15 20 25 3,0

Core Height (tin)

Figure 38. Required filter length versus height of Si core for single-channel CWDM filter with 15-nm
passband. The grating etch depth is kept constant at 300 nnm. Thinncr cores yield strong coupling to the
grating and thus reduced filler length.
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Figure 38 shows the predicted required length of a CWDM filter reflecting a 15-ran window with

acceptable insertion loss characteristics (<1 dB) as a finction of core height. The results shown

in Figure 38 are for coupling between input and output signals that are both in the fundamental
mode of the waveguide. In Figure 38. a grating height of 300 nm was assumed. The results are
further summarized in the table.

Core IHeight h. Approximate Filter Length (mm)

3 gim 275

2 grm
1 jin 0.35

For thinner cores the fractional overlap of the fundamental mode with the grating region
increases which yields a shorter extinction length and consequently a shorter overall filter length.
Based on the results of Figure 38 and the waveguide geometry shown in Figure 37 (etched

grating in silicon filled with silica) a core height of I - 1.5 Pil would be desirable. Note that a
passband roll-off within 1 nm requires an approximate minimum filter length of 1 mm owing to
basic resolution principles, but for a CWDM design such steep roll-off may not be necessary.

Based on the results of Figure 38 it is clear that a an SO slab waveguide with I pam thick Si
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Figure 39. Plot of resonance wavelengths for gratings coupling the input fundamental to higher

waveguide modes.
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core can easily support an 8 or cven 16-channel IlBR CWDM multiplexer fbr device sizes
consistent with the field size of DUV photolithographic stepper/scanners. Next, we consider the
effect of the multiple modes present in the waveguide to further determile feasibility.

To this end, we show in Figure 39 the resonance wavelengths of gratings designed for three
exemplary CWDM wavelengths of 1550 rni (top two lines), 1490 rnm (middle two lines) and
1310 nm (bottom two lines) in a waveguide of 1 4am core height. Due to the multimnode nature of
the waveguide each CWDM channel has multiple resonances at the wavelengths indicated by the
symbols. For a given grating, the resonance wavelengths correspond to coupling of the
fundamental mode (assumed to be the only input mode) to the other available modes
(fundamental and higher). Coupling ftom the input fundamental mode to the fundamental output
mode is indicated by the leftmost symbols in the graph. Solid symbols are fbr TE- polarization.
empty symbols denote TM polarization. Shown as dashed lines are the passbands of the three
CWDM channels. In the present simulation, the different resonant wavelengths for TE and TM
polarizations are caused by tbrm birefringence. In the results of Figure 38 the passband was
designed wide enough to cover 15 nm for both polarizations.

It is clear that problems could arise when the fundamental-mode to higher-mode resonances of a
given filter overlap the design passbands of filters for other signals. For example. resonances of
the 1550-nm filter might fall within the passbands of the 13 1 Onm or 1490 nm passbands. The
1550 nm grating would interact with fundamental-mode signals at those wavelengths, couple
them to higher order modes and deflect them. Such interaction may lead to excess loss. This
could be especially grave since the coupling from the fundamental to higher order modes is
generally stronger than between fundamental modes. Appropriate spatial ordering o f the IIBR
filters within the device can eliminate problems with fundamental-to-higher order mode
scattering in some cases. Specifically, spatial ordering of the individual CWDM channel HBRs
so that the bluest CWDM filters interact first with the multi-wavelength input can mitigate this
potential problem.

Based on available reflective strength and assuming appropriate spatial ordering of the
individual-channel HBRs an 8 or even 16-channel CWDM multiplexer based on multimode SOI
waveguides appears fully feasible. Efficient telecom fiber to SOI waveguide coupling may be
facilitated through the use of lateral tapers, as recently demonstrated by Lipson et al. at Cornell
University or by diffractive input/output couplers like HBRs except optimized for
interior/exterior mode coupling

We have also analyzed an alternate CWDM mux layout based on a multimnode SO waveguide
wherein the etched grating trenches are filled with a material of refractive index higher than the
silicon core. such as poly-Si or amorphous Si. Consequently, the grating region has an averuge
refi'active index that is higher than the silicon iiaveguide core. The advantage of this approach,
as we shall see, is an increase in the grating's coupling strength even fbr relatively large Si core
diameters. This should hinprove coupling to standard telecom fibers.

Figure 40 shows the alternate waveguide geometry that enables strong grating coupling, which
allows filters to be short, while keeping the core height at 3 ,im and thus enabling more efficient
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coupling to off-chip silica fibers. Itere, rather than filling the etched Si with silica, a material
with refractive index higher than silicon has becn used (e.g.. poly-Si, amorphous Si, or Ge-doped
Si alloy). Since the resultant region has an average refractive index higher than Si, the mode field
will tend to concentrate and be stronger in this region than in a Si/SiO2 grating. Figure 41 and the
corresponding table show the required length to make a 15-nm passband CWDM filter with
acceptable insertion loss characteristics (<1 dB) as a function of refr'active index of the new
grating material tbr an Si core of'3 •tm.

Si coreHigh RI grating-fill material (white)

Figure 40. Cross-sectional view of alternative waveguide modecl. T'he grating is formed by etching 300-
nin deep trenches into the 3-pam Si core and tilling it with a material of higher refractive index than Si.

=Required Length for 15-nm Fitter at 1550 nm
',(high RI grating region approach)

100

E

I.L"

x0. 1

001 assumes 300 nm deep grating

Refractive tndex of GM Material

Figure 41. Required filter length for 20 rnm passband versus refractive index of tilling material. (irating
height = 300 nmn, Si core height = 3 pm. Hiehder refractive index yields stronger coupling to the grating
and thus reduced ft lter length.

Based on the results of Figure 41, the waveguide geometry shown in Figure 40 wottld yield
desirable filter lengths for a high-RI fill material with a refiractive index around 3.8. Note that
outside of the grating region, the higher refractive index material lnay be etched away to preserve
taper solutions for eff~ective liber-to-wvaveguide coupling.
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Grating Fill Refractive Index Approximate Filter Length (mm)

3.55 428

3.6 70

3.68 9.8

3.75 2.4

3.85 0.35

Resonance Wavelengths
1600 Coupling from Fundamental Input Mode to Other Modes

1500

1 1400

> 1300 . U

1200"

Grating Material RI 318
Etch Depth 300 nm

1100 . I . I . I . I . I . I I . . . I
0 1 2 3 4 5 6 7 8 9 1'0 ' 1'2 13

Output Mode Number

Figure 42. Resonance wavelengths of gratings at 1550 nrn (red), 1490 nni (orange) and 1310 nm (blue).

The Si core height is 3 pam. the grating height is 300nm. The grating was Ibrmed between Si and a
material with refractive index 3.8. Solid squares, TE polarization, empty ,quares, TM polarization. 15-
nm passbands are indicated by the dashed lines.

It is clear that an SO slab waveguide with 3 lim thick Si core and a grating filled with a n - 3.8
refractive index material can easily support an 8 or even 16-channel HBR CWDM multiplexer.

Next, we consider again the resonance structure of three individual-channel CWDM filters
(Figure 42). Two issues merit attention. First, certain resonances of a given CWDM filter
corresponding to fundamental to higher mode reflection are seen to ftall into the passbands of
other CWDM channels. As discussed previously, this problem can be overcome by appropriate
spatial stacking of the individual-channel HBRs. Second, multiple resonances of a given grating
are also seen within the passband of a given CWADM channel. If the filters demux an input signal
to a detector (essentially mode insensitive) the scattering to higher modes does not pose a
problem provided that modal dispersion can be ignored for relevant bit rates and distances.
However, in the reverse situation where a multicolor input signal from a laser array is to be
muxed onto a single mode tiber, the coupling to higher modes that are not supported in the silica
output fiber may lead to excessive and unacceptable losses.
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Conclusions and Comparison: Multinmode CWDM in SO0

Solution Pros Cons
1 gin Si core height - Acceptable coupling - fiber-waveguide die
300 nm deep grating strength coupling

silica trench fill - mm-scale total filter length

3 jim Si core height - Acceptable coupling - only demux operation
300 nm deep grating strength mux may have excessive loss

Hi RI trench fill - mmn-scale total filter due to coupling to higher
length modes

-good fiber-to-waveguide
cou lin

Structuring HBR Diffractive Contours To Minimize Wavefront Aberration

We describe the development of writing software that allows for the generation of HBR
structures having aberration corrected wavefront transformation (imaging) capability. Prior
design software and fabricated devices have utilized simple geometric diffractive line contours
rather than true holographic contour definition.

Holographic Bragg Reflectors are so named for their potential to incorporate true holographic
imaging into their structure. To do this, it is necessary to design a set of diffractive contours that
faithfully represent the interference pattern between desired input and output signal waveforms.
HBRs are designed on a computer and are not written by interferometric exposure. The
computer design allows tbr the treatment of arbitrary input and output wavefronts whether or not
such beams can be generated prior to device completion. Generally, signals in devices are not
simple plane or spherical waves and rather represent solutions of the special boundary conditions
present in the device. We have developed a design approach wherein the actual solutions
appropriate to the waveguide structure are used to compute the HBR contour design. This tends
to be a computationally bound process since thousands of individual contours typically need to
be generated and sampled with points densely enough to allow interferometrically true
fabrication.

If an HBR device is to be designed to image arbitrary wavefronts, it is necessary to actually
calculate the fill interference pattern. Geometric simplifications cannot generally be made. Our
approach to the design problem then is to nathematically model the input and output beams and
evaluate their sum as a function of position across the design dimensions of the HBR. The
calculation occurs along straight lines across the HBR face and the family of points representing
equal values of the interference pattern (e.g. maxima) is stored. Multiple straight slices of points
are obtained and stored. A second algorithm is then employed that sorts the sampled points into
contours. Contours are finally recorded as a sequence of straight segments each specified by its
endpoints. Endpoints are spaced sufficiently close so that the straight line segment and the actual
curved contour overlap to typically better than a fiftieth wave. The family of potentially
hundreds of thousands or millions of segments are ultimately written by laser writer to a reticle
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for DUV photolithographic fabrication.

In Figure 43(a), we show a set of points derived for a small HBR (size chosen fbr exposition
purposes). In Figure 43(b), we show the points connected by segments. Both the points and the

(a) (b)
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Figure 43. (a) A 30x30 micron HBR designed to accept a diverging input beam and tocus it to an output
port. ehe points represent equal value positions in the simulated interference pattern between the design
input and output beams. (b) A sorting algorithm has been applied to collect points on the same contour
together and link adjacent points with straight segments true to the contour to a settable accuracy.

segments are calculated using current versions of our HBR design software. In an actual HBR,
there would typically be many thousands of lines.

The ability to design HBRs with full holographic function is important in efficiently mapping
complex profile optical beams between various on-chip ports. Simple imaging devices
(analogous to spherical optics) exhibit aberrations so that output signals are not properly mapped
to target ports. We anticipate incorporating full holographic contour design in future devices.

Replication of HBR devices in PMMA

We have investigated the replication of HBR diffractive structures, lithographically fabricated,
via stamping in PMMA

An important objective of current and future optical communication component development is
the creation of products that are low enough in cost to compete with electronic counterparts in
application areas outside of long-haul and metro telecormunication links. Telecommunication
links require parts with very long lifetimes, very high reliability, and very high performance.
These constraints demand product solutions that tend to be too expensive for general purpose
use. It is often true in consumer and other lower level applications that product life cycles arc
only a few years in duration and performance metrics are not nearly as stringent as in the telco
environment. Thus substantially lower cost solutions can be entertained. In the present instance.
we examine the use of polymer, PMMA, as substrate for a planar waveg~uide with the diffractive
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structure created via stamping of a silicon substrate that carries a lithographically scribed pattern.
The use of stamping opens a pathway to very low cost manufacture of HBR-based devices
especially in the multi-mode CWDM area.

In Figure 44, we present a picture of a silicon master and a PMMA test piece on which the
pattern of the master has been successfully transferred. The test diffractive structures contain
curved lines and variable spacing as in the case of HBR structures. The test gratings have line
densities of approximately 1000, 2100, and 4000 lines/amm. The middle line density corresponds
to the value typically found in HBR multiplexer devices designed to work with 1.5 micron
optical signals. All line densities were reproduced even the 4000 line/mm structure which
required pattern transfer of features at the 125-nm level. Preliminary studies indicate that the
replica diffractive devices have relatively high free-space diffractive efficiency (>50V,% of zeroth
order, i.e. normalized to surface reflectivity) which in turn indicates that the replica has grooves
that are approximately as deep as the original had mesas.

Proper replication requires careful control of PNIMA and master temperature and stamping
pressure. Successful replication was achieved in a convection lab oven within the temperature
range 180' to 190'C, which is higher thantypically used for thermoforming of PMMA (140' to
180'C). At lower temperatures, fine grating structures were not fully imprinted on PMMA. It
was fouwid that about 5 minutes of contact between the master and PMMA sample at the force of
20 N for 20 x 30 mm sample at 185 0C is sufficient to obtain a quality imprint with all grooves
fully imprinted. Higher temperature resulted in small bubbles in PMMA sample. Higher force
simply deformed PMMA sample making it thinner and did not improve the imprint. It is possible
that combination of lower temperature/higher pressure may reduce cycle time, which is very
desirable tor volume production.

Under most conditions, the PMMA frees itself of the master on cooling apparently because of
differential heat expansivities of the materials. However, it remains desirable to identify a
releasing agent that would ensure large area replication can be implemented without sticking

Figure 44. LetI: Silicon masler with lithographically scribed pattern. Right: PMMA test piece with
diffitactive patteni successil ly tran.ferTcd.
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problems.

We conclude that low cost HBR devices can be implemented in PMMA guiding layers patterned
via replication rather than higher cost lithography. Next steps would include application of
pattern to thin PMMA layers supported by lower index substrates. This work will have to
proceed in a post funding environment as the term of our development contract is essentially
complete.

Packaging Of HBR Mux Devices

We report on packaging solution for the final product. This includes development of optical
assembly procedure and design of reliable housing fbr the optical assembly.

The packaging process involves preparation of the device die, active optical alignment of the die
and the fiber array, and packaging of the optical assembly into the protective housing.

Coarse WDM MAUX die withfiber array by LightSm),th.

Preparation of device die

Die preparation consists of the following steps:

- Dicing the wafer into device die. This step is done using standard semiconductor dicing
machines. Use of sub-contractor is a cost-effective solution (dicing cost per wafer is
S 100, or about SO.3 /device).

- Attachment of top and bottom buffers (Fig. 45). This is required to increase the adhesion
surface area to improve stability of the epoxy joint between the chip and a input/output
fiber array. The buffers are made of glass or silicon (we chose glass) or about 1 mm thick
glued to the top and bottom of the die.
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Figure 45. Optical assembly (top: side view: bottom: top view)

Top View Side View

24 to 33 mm
5 MM

8 deg

Uia 2.7 mm 0.7 mm

0ýcal chip (Si)

Top and bottom caps (glass)

Figure 46. Attachment of top and bottom buffers (caps) and polishing of lthe die.

Side polishing of the die (Fig. 46). Angle polishing is required to reduce Fresnel
reflections from the interface between the optical epoxyidie and epoxy/fibers. Such
reflections, if not reduced, adversely affect return loss of the device. For 0" polishing,
such return loss may be below 35 dB, while for 8" polishing, return loss may be above 60
dB. For telecom applications, the required return loss is above 50 dB. The die with the
butlers attached is polished in LightSmyth internal production facility using custom made
polishing jig and commercial polishing machine. We achieved 8" angle polishing angle
with accuracy of ±0.3'. Fiber arrays are procured from a supplier and are pre-polished to
800.10 .
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- Surface preparation for epoxy application. This includes cleaning facets of the die and the
fiber array with alcohol to ensure reliable adhesion.

Optical alignment.
It is important to optimize the relative position of the fiber and waveguide arrays to minimize the
excess insertion loss caused by misalignment. An active optical alignment method is employed
for LightSmyth devices when the position of the fiber array is adjusted based on an optical signal
feedback. The sources of excess loss may be divided into several categories (Fig. 47):
misalignment in X or Y direction (offset), separation along Z-axis (gap) and angular
misalignment along angles Phi and Theta.

The die and the fiber array are both attached to positioning stages using quick-release clamps.
Both stages have three degrees of translational freedom (XYZ), one stage in addition has three
degrees of rotational adjustments (Roll. Pitch, and Yaw). Such arrangement allows tfr complete
control over relative positioning of the die with respect to the fiber array enabling optimum
optical alignment. Cu'rently, the translations are performed manually and one optical assembly
process takes about 15 min. Work is underway to use automated aligner to reduce the process
time and costs.

ý_-Gap

Y

X

Phi Z

Figure 47. Parameters affecting excess loss in aligning a waveguide and a fiber (shown schematically).
The waveguide on the left may be positioned with offset between the center of the waveguide and the
fiber along OX and OY axis (offlset). with certain distance between the ends of the fiber and the
waveguide along OZ axis (gap) and tilted with respect to the liber by an angle Phi (in YOZ plane) and
Theta (in XOY plane).

Preliminary alignment is performed using visible laser source (HeNe) launched in the central
fiber with separation between the fiber array and the chip of about 100 to 200 Am. Then, epoxy
is applied to the fiber array. The array and the die are brought to a separation of 20 to 30 gm
(controlled by divisions of the positioner), which is the optimum alignment distance. Larger
distance would result in high insertion loss (Fig. 48), smaller distance may cause hard contact
between the die and array during final alignment and epoxy cure, resulting in sharp increase in
insertion loss as epoxy cures. The source is replaced by IR source at the wavelength of the
channel multiplexed into the furthest output waveguide. Optical alignment is achieved by
adjusting position of the fiber array monitoring and maximizing device output power. Because
the spacing between the fibers in V-grooves and between the waveguides is controlled
lithographically (250 p[m), aligning the input fiber to the input waveguide and one output fiber to
corresponding output waveguide results in alignment of the rest of the output wavegutides,
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Figure 48. Inscrtion loss vs. Z-distancc between fiber and waveguide.

reducing the need in additional alignment sources.

Sensitivity of insertion loss to displacement and misalignment (simulated data) is shown in Fig.
49 and 50, respectively. Spatial and angular resolution of the stage positioners (better than 0.25

4.5 r of
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Offset (gam)

Figure 49. Excess alignmcnt loss vs. X and Y offsiet betw.een the center of the tiber and the center of the
waveguide

52



micron and 0.1', respectively) is needed to provide low-loss alignment. Estimated alignment loss
achieved consistently is 0.2 dB.

3.50 -
Phi

3.00 1 Theta
0' 2.50 I
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S1.50

S1.00

0.50

0.00 .
0.00 0.50 1.00 1.50 2.00 2.50 3.00

Angular misalignment (degrees)

Figure 50. Excess alignment loss vs. angular misalignment

After achieving optimum optical alignment, the epoxy is cured. UV-cured epoxy was chosen as
it does not create heat fluctuations that may adversely affect mechanical stability of the stages.
The epoxy is designed to meet the reliability requirements of Telcordia GR-1221-CORE. UV
spot curing system is used to deliver required UV dose. Curing time is 1 minute.

Insertion loss is monitored during the cure and after releasing the optical assembly from the
quick-release clamps. Minimal change in insertion loss (<0.1 dB) during the cure and after the
release indicates minimal stress in the epoxy joint. Larger change may indicate that the fiber
array and the die were physically touching during the cure or that the separation between the die
and the fiber array was non-uniform, creating misalignment as epoxy shrinks in volume during
the cure.

Finally, insertion loss for all channels is measured against specification and, if necessary. the
optical assembly is sent back for re-work. Alignment procedure developed by LightSrnyth has
90% yield for the optical assembly step.

Optical assembly is placed in protective non-hermetic aluminum housing (Fig. 51). The housing
is designed to apply minimum stress on the epoxy joint and protect the optical assembly from
mechanical damages, shock and vibration. Due to the simplicity of the optical assembly (only
single epoxy joint and single ribbon fiber), it was possible to design inexpensive and efficient
housing. It is composed of a base, a lid, two pieces of fbam and strain-relief boot (pre-inserted on
fiber array assembly). Ribbon fiber is attached to the housing base with epoxy so that any pulling
on the fiber would not be translated to the optical assembly inside of the housing. Strain relief
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boot is designed to meet the reliability requirements of Telcordia GR-1221 -CORE for side pull
test. The die is sandwiched between the pieces of foam for protection against mechanical shock
and vibration.

Top View Side View

"Foam
Figure 51. Die housing diagram

Completion of reliability testing of packaging used in telecommunication applications is
,an important step allowing marketing the product to a wider range of vendors. Initial reliability
testing of the package (high temperature storage, low temperature storage and pull test) was
successfully completed. Preparations for testing according to Telcordia GR-1209-CORE,
including temperature cycling, accelerated aging (damp heat), temperature shock, mechanical
shock and vibration are underway.

Comparison of CWDM produced by LightSmyth and competitor's product with similar
performance based on discrete thin film filters. LightSmyth's integrated solution achieves l0x
reduction in device size and number of sub-components dramatically reducing costs and
increasing reliability.
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Chann l CW 1DM 'ýu3tiplexer / C mtdtipexer

LightSmyth multiplexers/demultiplexers (mux/demux) incorporate 0 Monolithically integrated silica-on-
breakthrough new technology to monolithically integrate thin-film- silicon mux/demux engine
filter functionality into the robust silica-on-silicon planar waveguide 0 Ultra-small footprint
format setting new standards for cost, performance, and footprint. 0 Low part count

LightSmyth Coarse WDM mux/demux units are the first mainstream 0 Low cost

photonic devices employing nanophotonically engineered structures 0 High performance

as their principal functional mechanism. Advanced engineering a Athermal operation

combined with reliable DUV photolithographic fabrication yield a All ports single-mode compatible
superior product. _ COM
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1pecificatjc:

Parameter All channels

Channel central wavelength (CCW) 1490 nm, 1510 nm, 1530 nm, 1550 nm(4
)

Insertion loss (, 2) connectorized device, excluding connector loss Max 2.2 dB
Passband to -0.3 dB level (symmetric about CCW) Min 13 nm
Flatness , 2) (difference between max to min insertion loss) Max 0.3 dB
Adjacent channel isolation ('-2 ) Min 33.5 dB
Non-adjacent channel isolation , 2) Min 34.0 dB

Polarization dependent loss (PDL)t ,2 , 3 Max 0.2 dB
Optical return loss"1  Min 35.0 dB
Dimensions 12 x 12 x 65 mm

Optical connector FC/PC, others available
Fiber type SMF 28
Operating temperature range -40 to 85 0C
Storage temperature range -40 to 85 °C

Notes:
I. Defined as worst channel case over the entire operating temperature range and all input polarization states.
2. Defined within -0.3 dB level guaranteed passband.
3. PDL is defined as min/max insertion loss difference at any wavelength in the passband over all input polarization states.
4. Custom passbands and channel central wavelength from 1260 nm to 1610 nm available.

LightSmyth Technologies 860 W Park Street # 250, Eugene, Oregon Tel - 1 541 431 0026
www.LightSmyth.com info@LightSmyth.com



LightSmyth Technologies announces the world's first fully integrated, single-mode compatible, coarse
WDM (CWDM) multiplexer. Based on LightSmyth's patented nanophotonic filtering technology, the unit

breaks records for size, part count, and cost while exceeding customary performance levels. LightSmyth
integrated CWDM multiplexer units are passively athermal and polarization insensitive to 0.2 dB.
LightSmyth's new integrated CWDM multiplexer is based on the silica-on-silicon planar waveguide
format, requires chips of only 1 cm', and is the first photonic device to productively harness the Deep UV
photolithographic patterning tools utilized in state-of-the-art electronics. LightSmyth's underlying filtering
technology may also be referred to as integrated holographics (see Laser Focus World October 2004, pp. 73
- 76). Competing CWDM technologies utilize gratings or free-space thin-film filters. Grating devices can
be integrated but require multimode outputs to produce low-loss flat-top passbands. Thin-film filters
support flat-top passbands but cannot be monolithically integrated. LightSmyth's new diffractive
nanophotonic filtering engine uniquely and powerfully combines the integrability of gratings with the
functionality of thin-film filters.

LightSmyth Technologies 860 W Park Street # 250, Eugene, Oregon Tel - 1 541 431 0026
www.LightSmyth.com info@LightSmyth.com



LightSmyth multiplexers (mux) incorporate breakthrough new . Monolithically integrated silica-on-
technology to monolithically integrate thin-film-filter functionality silicon mux/demux engine
into the robust silica-on-silicon planar waveguide format setting new 0 Ultra-small footprint
standards for cost, performance, and footprint. 0 Low part count

LightSmyth Coarse WDM mux units are the first mainstream * Low cost

photonic devices employing nanophotonically engineered structures . High performance
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Parameter All channels

Channel central wavelength 1470 nm, 1490 nm, 1510 nm, 1530 nm,
1550 nm, 1570 nm, 1590 nm and 1610 nm

Insertion loss '. 2, connectorized device, excluding connector loss Maximum 2.0 dB
Guaranteed passband' (- 0.5 dB level about channel central wavelength) Minimum ± 6.0 nm
Flatness 1.2 (difference between max to min insertion loss) Maximum 0.5 dB
Adjacent channel isolation" 2  Minimum 15 dB
Non-adjacent channel isolation 1,2 Minimum 25 dB
Polarization dependent loss (PDL) .2.3 Maximum 0.2 dB
Optical return loss' Minimum 31.0 dB
Dimensions 12 x 12 x 65 mm
Optical connector FC/PC, others available
Operating temperature range -40 to 85 'C

Storage temperature range -40 to 85 °C
Notes:

I. Insertion loss, guaranteed passband, isolation and optical return loss are defined as worst case channel over the
entire operating temperature range and all input polarization states.

2. Insertion loss, flatness, isolation and PDL are defined within -0.5 dB level guaranteed passband.
3. PDL is defined as min/max insertion loss difference at any wavelength in the passband over all input polarization

states.
4. Custom passbands and channel central wavelength from 1260 nm to 1610 nm available.
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